We herein reported the preparation of an eco-friendly aqueous yellow ceramic ink and subsequent examination of its printability for ink-jet printing applications. For this purpose, a water based ceramic ink was formulated using ceramic pigments to give a clear color during high-temperature heat treatment (>1000 C), ultimately yielding an ink suitable for application in ceramic tile decoration. To improve the low dispersion stability of the aqueous ceramic ink compared to that of a conventional organic solventbased ceramic ink, the pigment particles were dispersed using a graft polymer. More specifically, this graft polymer was composed of polyacrylic acid as the main chain to provide electrostatic repulsion and grafted poly(ethylene glycol) methyl ether methacrylate as the side chain to provide steric hindrance. Furthermore, additive-induced foaming issues were significantly reduced through the use of this graft polymer as a surfactant. The effects of the rheological properties of the prepared ceramic ink and the subsequent operation conditions of the piezoelectric print head were then investigated in detail to optimize the ink jettability and printability.
Introduction
Digital ink-jet printing is a technology based on sending digitized pattern data to an ink-jet printer and jetting ink droplets to directly print the pattern on a substrate. 1, 2 This digital ink-jet printing technology has a number of advantages compared to conventional graphic printing technologies. The digital ink-jet printing process can easily create or customize the printing image, and no contact is necessary between the substrate and the print head, thereby allowing various materials and complexshaped objects to be used as substrates. In addition, due to the ink being jetted only onto the desired location using the drop on demand (DoD)-based digital ink-jet printing method, this printing technique can achieve a high ink efficiency. [3] [4] [5] [6] Due to these advantages, ceramic ink-jet printing has become the technology of choice over the past decade in the ceramic tile decoration industry. However, despite its success, this industry has recently been faced with the pressure of environmental issues such as global warming and air pollution. 7 Since the majority of inks employed in digital ink-jet printing are based on organic solvents and contain volatile organic compounds (VOCs) to ensure their dispersion stability and printability, the development of ecofriendly and functional ceramic inks to replace VOC-containing organic solvent-based ink-jet printing inks is required. 8, 9 As such, the physical properties of existing ceramic inks must be satised to ensure successful ink-jet printing for the decoration of ceramic tiles. [10] [11] [12] [13] In this context, the ceramic pigments present in ceramic ink must be thermally stable to ensure that the desired color is maintained at sintering temperatures >1000 C. In addition, the pigment particles should show an appropriate particle size distribution and a high dispersion stability to prevent nozzle clogging of the inkjet printer head. 14 Furthermore, the rheological properties of the ceramic ink, such as the viscosity and surface tension, must be optimized along with the print head voltage and pulse width to ensure that spherical-shaped single ink droplets are formed without undesirable satellite droplets. 15, 16 Thus, we herein report the formulation of an eco-friendly aqueous ceramic ink for digital ink-jet printing and subsequent examination of its ink-jet printability. For this purpose, thermally stable ceramic pigments are dispersed in an aqueous solution using a gra polymer as a surfactant. The jetting behavior and printing characteristics of the synthesized aqueous ceramic ink are then investigated in detail upon variation in the rheological properties of the ceramic ink and the operating conditions of the ink-jet print head.
Experimental section

Preparation of the yellow ceramic pigments
Yellow ceramic pigments of Pr-ZrSiO 4 were synthesized using a solid-state reaction process. 17 The solid-state reaction process is a synthesis method using ionic or atomic diffusion phenomena, which occurs on the adjacent surfaces between particles, in a high-temperature environment aer mixing materials such as oxides or carbonates. As starting materials for synthesis of the ceramic pigments, ZrO 2 (Sigma Aldrich), SiO 2 (Showa), and Pr 6 O 11 (Sigma Aldrich) were used. Additionally, NaF (Sigma Aldrich) was used as a mineralizer. The synthesis of ZrSiO 4 is started with the initial reaction occurs between SiO 2 and the mineralizer which produces a volatile species. 18 SiO 2 + 4NaF / SiF 4 (g) + 2Na 2 O
(1)
The Pr exists as a dopant and trivalent state in the melt phase of the mixture at 260-300 C. Then, it is transformed into tetravalent state at the higher temperature and incorporated into the ZrSiO 4 structure of the pigment. 19 The starting materials (60 wt% ZrO 2, 35 wt% SiO 2 , 5 wt% Pr 6 O 11 ) and the mineralizer (3 wt% to the mixture of the starting materials) were wet mixed for 3 h with alumina balls and ethanol, and aer this time, the mixed powder was dried at 80 C in an oven, then sintered at 1100 C for 1 h under an oxidizing atmosphere. The resulting yellow ceramic pigments were then micronized using a bead mill (KMD-1S, Dntech, Korea) to prevent nozzle clogging of the ink-jet print head. The crystal structure of the pigment was analyzed by X-ray diffraction (XRD, D/2500VL/PC, Rigaku, Japan). Field emission scanning electron microscopy (FE-SEM, JSM-6390, Jeol, Japan) and particle size analysis (PSA, LA-950V2, Horiba, Japan) were carried out to analyze the morphology and particle size distribution.
Formulation of the aqueous yellow ceramic ink
The aqueous yellow ceramic ink was formulated by mixing distilled water and 15 vol% of the yellow ceramic pigment. The dispersion stability of the aqueous ceramic ink was characterized upon the addition of sodium dodecyl sulfate (SDS, Sigma Aldrich), polyacrylic acid (PAA, M w 1800, Sigma Aldrich), poly(ethylene glycol) methyl ether methacrylate (PMEM, M w 950, Sigma Aldrich), or PAA-g-PMEM, in which PAA was graed with PMEM. The surfactants were added to the ceramic ink within the ranges of 0-1.0 mg m À2 . To adjust the rheological properties of the aqueous ceramic ink, 0-15 wt% polyethylene glycol (PEG, M w 8100, Sigma Aldrich) was added as a thickener and 0-0.1 wt% polysiloxane (BYK-028, BYK) was added as a surface tension modier. A rotational rheometer (HAAKE MARS III, Thermo Fisher Scientic, USA) and surface tension analyzer (DST-60, Surface Electro Optics, Korea) were used to measure the viscosity and surface tension of the aqueous ceramic ink, respectively. The sedimentation behavior and dispersion stability of the pigment particles in the ceramic ink were analyzed quantitatively using Turbiscan (Turbiscan LAB, Formulaction, France). The hydrodynamic radius and surface charge of the pigment particles were analyzed using a particle size analyzer (VASCO, Cordouan, France) and a zeta potential analyzer (ELS-Z, Otsuka Electronics, Japan), respectively.
Synthesis of the gra polymer surfactant
PAA, PMEM, ammonium persulfate (APS, Samchun) and hydroquinone monomethyl ether (MEHQ, Samchun) were used for the synthesis of gra polymer surfactant. PAA and PMEM (PAA/PMEM molar ratio ¼ 2.0) with MEHQ (1.0 wt% to the total weight of monomers) were mixed in DI water. Aer being fully dissolved, PAA solution and APS (0.5 wt% to the total weight of monomers) were added drop-wise into the DI water in a reactor. The reactor equipped with a reux condenser, feeding inlets and gas inlet tube. The mixture was stirred and heated at 85 C for 5 h. Aerwards, the reacted solution was cooled to room temperature, the pH value was adjusted to 5.5 with NaOH (50 wt% aqueous solution). Finally, a brown and clear gra polymer surfactant (20 wt% of solid content in aqueous solution) was obtained. 20
Printability analysis of the prepared aqueous yellow ceramic ink
The printability of the aqueous ceramic ink was determined using a drop watcher (Omnijet 450, Unijet, Korea), which had a piezoelectric ink-jet print head with a 48 mm nozzle diameter. The waveform of the piezoelectric print head employed a single pulse voltage pattern. The voltage and pulse width of the waveform were set within the ranges of 70-90 V and 6-10 ms, respectively. The rising time and fall time were set as 3 ms. The aqueous ceramic ink was printed on a ceramic tile substrate with a distance between printed dots (D2D, drop to drop) of 200 mm. The shape factor of the printed dots was then calculated to evaluate the printing quality, where the area and perimeter of the printed dots were analyzed using image analysis soware (Image J, National Institute of Health, USA).
Shape factor ¼ 4pðareaÞ
In this context, we note that the shape factor of a circular dot is close to 1, while the shape factor of a linear dot is close to 0. 21, 22 Results and discussion
Characterizations of the yellow ceramic pigment
The crystal structure, morphology, and particle size of the synthesized yellow ceramic pigments obtained aer milling were investigated. The crystal structure of the yellow ceramic pigment used in this study is a Pr doped ZrSiO 4 . ZrSiO 4 has a principal structural unit of edge-sharing SiO 4 tetrahedra and ZrO 8 triangular dodecahedra which contains the empty octahedral void. 23 Pr 4+ generated by a Pr dopant is accommodated into both Zr 4+ and Si 4+ sites of the ZrSiO 4 lattice, it imparts the yellow color of the ceramic pigment. 24 Fig. 1a showed the XRD pattern of the yellow ceramic pigment that conrmed the presence of ZrSiO 4 phase (JCPDS no. 01-080-1807) as the main phase of the ceramic pigment, although small peaks corresponding to unreacted ZrO 2 (JCPDS no. 03-065-0687) were also observed. Fig. 1b shows the morphology and particle size of micronized ceramic pigment which are important variables for ink-jet printing application. Based on the FE-SEM image, the particle size of micronized yellow ceramic pigment was approximately 50-900 nm. The morphology of ceramic pigment seemed irregular particle shape with rough edges. This shape of micronized ceramic pigment particle is due to a broken down of the ceramic particle by a high mechanical energy during the micronization process. In terms of the morphology and particle size, to prevent nozzle clogging in the ink-jet print head, the largest particle size should be 1/50 of the print head nozzle diameter, and the average particle size should be smaller than 300 nm. 14, 25, 26 Thus, the D 90 value and the average particle size of the micronized ceramic pigments employed herein were found to be 647 and 298 nm respectively.
Preparation of the aqueous yellow ceramic ink for ink-jet printing
Yellow ceramic ink was formulated by mixing with distilled water and 15 vol% of the yellow ceramic pigment. In an aqueous solution, agglomeration of the ceramic particles can easily occur, thereby leading to nozzle clogging during ink-jet printing. To address this issue, a gra polymer, namely PAA-g-PMEM, was added as a dispersant. In this gra polymer, the PAA main chain was selected to ensure electrostatic repulsion and the PMEM side chain was chosen to impart steric hindrance. It is expected that a high dispersion stability of pigment particles in the aqueous ceramic ink can be achieved when the effects of electrostatic repulsion and steric hindrance are combined. 20, [27] [28] [29] Thus, Fig. 2a shows a comparison of the viscosities of the aqueous ceramic ink samples in the presence of the SDS, PAA, and PAA-g-PMEM surfactants, where the viscosity depends on interactions between the particles. More specically, weak interactions lead to a low viscosity, while strong interactions lead to a high viscosity. Hence, the lower viscosity observed upon the addition of a surfactant indicates an improvement in the dispersion stability. [30] [31] [32] Regardless of the surfactant type employed, the viscosity of the aqueous ceramic ink initially decreased upon increasing the surfactant concentration, and the lowest viscosity of 1.14 mPa s was observed in the aqueous ceramic ink sample containing 0.5 mg m À2 PAA-g-PMEM. This value represents the optimal surfactant concentration to ensure sufficient adsorption onto the ceramic particle surface, thereby effectively hindering the interaction between ceramic particles. However, in the presence of excess adsorbed surfactant, bridging or entanglement occurs and the viscosity of the ceramic ink increases. 33, 34 The foaming behavior was then investigated upon the addition of SDS, PAA, and PAA-g-PMEM to the aqueous ceramic ink (Fig. 2b) . In general, large amounts of foam can form when a surfactant is added to a water-based suspension, and the presence of such a microfoam in the aqueous ceramic ink may interrupt the ink ow through the nozzle or channel of the inkjet print head. Interestingly, we found that foaming did not occur aer mixing of the aqueous ceramic ink with PAA-g-PMEM, although for SDS and PAA, it was apparent that an additional defoaming agent would be required.
Subsequently, the dispersion stability of the aqueous ceramic ink was examined, where Fig. 2c shows the results of the zeta potential and hydrodynamic radii investigations. In the absence of a surfactant, the zeta potential of the aqueous ceramic ink was À18.7 mV, while upon the addition of PAA and PAA-g-PMEM, the zeta potentials were À39.4 and À41.1 mV, respectively, thereby indicating an improvement in the dispersion stability. Generally, a zeta potential between 0 and AE30 mV is considered to represent a low dispersion stability, while values over AE30 mV indicate a good dispersion stability. 35, 36 The hydrodynamic radius was also calculated using the following Stokes-Einstein equation: 37, 38 R ¼ kT 6phD (5) where D is the diffusion coefficient, k is the Boltzmann constant, T is the temperature, h is the viscosity, and R is the hydrodynamic radius. In the case of the ceramic pigment particles, a thick hydrodynamic radius tends to give a ceramic ink with a longlasting dispersion stability. 39, 40 In this case, the hydrodynamic radius of the aqueous ceramic ink in the absence of a surfactant was 265 nm, while in the presence of PAA and PAA-g-PMEM, values of 310 and 355 nm were determined, respectively. The higher zeta potentials and hydrodynamic radii obtained in the presence of the PAA and PAA-g-PMEM surfactants were attributed to the effect of PAA, although slightly superior values being obtained upon the graing of PMEM due to the enhanced steric barrier on the pigment particle surface. The sedimentation velocities of the aqueous ceramic inks in the presence of PAA and PAA-g-PMEM were then examined, as displayed in Fig. 2d . In this case, similar values were obtained for the samples containing no surfactant and containing PAA (i.e., 0.76 and 0.66 mm h À1 , respectively). In contrast, PAA-g-PMEM addition signicantly decreased the sedimentation velocity to 0.30 mm h À1 , which is 55% slower than that of the PAA-containing sample.
In the ink-jet printing process, the physical properties of the ceramic ink (e.g., viscosity and surface tension) strongly inuence the jetting behavior of the ink droplets. For example, a high viscosity and surface tension can increase the system pressure, while a low viscosity and surface tension cause undesirable ink dripping and spreading over the print head nozzle. 1, 41, 42 Thus, the jetting behavior of a uid can be determined in terms of the Ohnesorge number (Oh) of the ink. The inverse values of the Ohnesorge number (Z) for the aqueous ceramic inks were thus determined based on their rheological properties (see Table 1 ) according to the following equation:
where h is the viscosity, r is the density, g is the surface tension, and L is the characteristic length scale. 43 It was suggested that a Z value of ink within the range of 1 and 10 is required for suitable jetting. A low Z value caused by a high viscosity requires a high pulse pressure for jetting, and a high Z value results in both lengthening of the droplet tail and the generation of satellite droplets. 44 The Z value of the initial aqueous ceramic ink was 56.8 due to the low viscosity and high surface tension of water. Upon the addition of a thickener, the Z value gradually decreased due to an increased ink viscosity. The addition of 15 wt% thickener gave a Z value of 6.2, which is suitable for inkjet printing. It should also be noted that a reduction in the surface tension through the addition of a surface tension modier was found to give a slightly lower Z value.
Ink-jet printability of the aqueous yellow ceramic ink
The jetting behavior and printability of the aqueous ceramic inks with different viscosities were then examined as displayed in Fig. 3 and 4 . Prior to adjustment of the rheological properties, a long droplet tail and satellite droplets were observed, and dripping was also found aer jetting of the initial ink droplet. As such, a low shape factor and a large dot area resulted. Upon increasing the viscosity of the aqueous ceramic ink through the addition of a thickener, satellite droplet generation was reduced, and the ink droplet velocity and droplet tail length decreased. The droplet velocity and tail length results obtained prior to adjustment of the rheological conditions have been omitted due to the large numbers of satellite droplets observed. Thus, upon improving the jettability of the ink by increasing the viscosity, the printed dot area decreased and the shape factor improved. These results therefore indicate that the viscosity inuenced the ow resistance of the aqueous ceramic ink, with an appropriate level of ow resistance being necessary to give an optimal printing quality. 45 Fig. 5 and 6 show the jetting behavior and printability results for the aqueous ceramic inks of different surface tensions. To analyze the effect of surface tension modication on the printability, the thickener concentration was xed at 15 wt%. No satellite droplets were observed regardless of the added quantity of surface tension modier. However, upon increasing the surface tension modier content, the droplet velocity and droplet tail length of the aqueous ceramic ink also increased. It should be noted that a high surface tension in the ceramic ink imparts ow resistance in the ink-jet printing process; as the surface tension modier concentration was increased, the droplet velocity increased due to a decrease in the ow resistance. In addition, when ink droplets with a high surface tension are exposed to air, the droplets quickly form a spherical shape by reducing the surface area to lower the surface tension, thereby leading to a shorter tail length and a delay in spherical droplet formation. 46, 47 Furthermore, an increase in the surface tension modier concentration resulted in the dot area of the aqueous ceramic ink on a ceramic substrate increasing, while the shape factor decreased. This can be explained by considering an increase in the impact energy between the droplet and the substrate due to an increased droplet velocity. 48 The properties of an ink droplet can also be inuenced by electrical signals such as the input voltage and pulse width during ink-jet printing using a piezoelectric print head. Fig. 7  and 8 show the printability characteristics of the aqueous ceramic ink when the input voltage of the print head was 70, 80, and 90 V, and the pulse width was xed at 8 ms. The droplet velocity and tail length increased upon increasing the input voltage, since the volumetric deformation of the piezoelectric actuator and the jetting pressure increased with the input voltage. 49 In addition, the printed dot area of the aqueous ceramic ink increased at higher input voltages, and the highest shape factor was obtained at an input voltage of 80 V.
The effect of the pulse width was then examined, as outlined in Fig. 9 and 10 . With a xed input voltage of 80 V, an increase in the pulse width from 6 to 8 ms resulted in increases in both the droplet velocity and the tail length. However, upon increasing the pulse width further to 10 ms, the droplet velocity and tail length decreased, thereby indicating that a pulse width of 8 ms was optimal for printing of the aqueous ceramic ink on the ceramic tile.
Conclusions
We herein reported the preparation of an eco-friendly aqueous ceramic ink for ink-jet printing based on the use of a thermally stable yellow ceramic pigment. The yellow ceramic pigment based on the Pr-ZrSiO 4 structure was micronized into the suitable particle size for inkjet printing that the average particle size is under 300 nm in diameter. A gra polymer was introduced as a surfactant to improve the dispersion stability of the ceramic pigments in aqueous ink. Polyacrylic acid (PAA) was employed as the main chain to impart electrostatic repulsion, and poly(ethylene glycol) methyl ether methacrylate (PMEM) was graed as the side chain to give steric hindrance. The optimized concentration of the gra polymer which is revealed using the viscosity measurement was 0.5 mg m À2 . The sedimentation velocity of the pigments was lowered by 55% compared with the use of PAA alone as a surfactant, and foaming was signicantly reduced. Furthermore, the jettability and printability of the aqueous ceramic ink were optimized by adjusting the rheological properties of the ink and the operation conditions of the piezoelectric print head, which in turn affected the shape, velocity, and tail length of the resulting ink droplets. The optimal rheological properties of the aqueous ceramic ink were shown when the concentration of the thickener was 15 wt%. The introduction of an adequate ow resistance through thickener addition also improved the jettability and printability of the ink. Also, the optimized values of the pulse width and the voltage were 80 V and 8 ms, respectively. These results are of importance due to the ongoing necessity for novel eco-friendly and functional ceramic inks to replace organic-containing solvent-based ink-jet printing inks for application in the ceramic tile decoration industry.
